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PREFACE

A workshop, Long-Term Monitoring of Global Climate Forcings and Feedbacks, was held
February 3-4, 1992, at the NASA Goddard Institute for Space Studies. The purpose was to discuss
the measurements required to interpret long-term global temperature changes, to critique the potential
contributions of a proposed series of small satellites (Climsat), and to indentify complementary
monitoring which would also be required.

Subsequent to the workshop, the Climsat proposal was presented at the Committee on Earth
and Environmental Sciences workshop on small satellites, held February 12-14, and at the
Congressional Office of Technology Assessment workshop on the future of remote sensing technology,
held April 21. On the advice of NASA management, review of the Climsat proposal by the NASA
Earth Science and Applications Advisory Committee was requested, but is not yet scheduled.

A first draft of this workshop report was produced from written contributions of the speakers
whose papers were central to the rationale and definition of the Climsat proposal, as well as from
summaries of each session and the panel discussion prepared by the respective chairmen. We note that
the workshop conclusions were not specifically set down and agreed upon at the workshop, but rather
were drafted by the editors from the consensus of workshop discussions and then refined based on
review by all participants. The resulting draft report was widely circulated among the climate
research community.

This final version of the workshop report is intended to provide the rationale and strategy for
a specific small satellite flight and research program. However, several respondents pointed out that
the report may also be viewed as a broader planning document, and they suggested that we emphasize
up front the relationship between the proposed Climsat program and other important climate
measurements. Thus in the executive summary we briefly place the proposed Climsat program in
broader context.

We would like to acknowledge major contributions to the preparation of this report from
Christina Koizumi, who served as technical editor, Brian Cairns, Ken Lo and Alison Walker, who
contributed to the orbit and sampling section, and Michael Mishchenko, who contributed to the
scanning polarimeter section,

We also gratefully acknowledge written responses to earlier drafts of this report from a large
number of scientists in addition to those who attended the workshop, including at least: B. Albrecht,
T. Anderson, R. Bradley, T. Busalacchi, M. Cane, P. Chylek, J. Coakley, E. Dutton, J. Fein,
C. Folland, E. Frieman, H. Grassl, J. Gribben, J. Hovenier, D. Hoyt, R. Jenne, J. Jouzel, Y. Kawata,
J. Kiehl, K. Kondratyev, G. Kukla, T. Malone, L. Meredith, W. Munk, T. Nakajima, H. Oeschger,
D. Randall, A. Robock, E. Rodenburg, C. Sagan, M. Salby, U. Siegenthaler, J. Simpson, C. Sonett,
A. Thompson, R. White, R. Willson, and C. Wunsch. Although the overall response to the draft
reports was highly favorable, we do not mean to imply that all these scientists necessarily endorse the
workshop conclusions.
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EXECUTIVE SUMMARY

Climate varies on all time scales, and there are many aspects of climate change with practical
importance. Without prejudice to other issues, our workshop focused on global temperature change
on time scales from a year to several decades, a topic of societal concern because of the suspected role
of human-made greenhouse gases in causing long-term change. We called attention to the need for
high precision monitoring of all major global climate forcings, as an essential requirement for
interpretation of global climate changes. Without such data, which are not covered adequately by
current monitoring plans, uncertainty about the causes and implications of observed climate change will
persist indefinitely, and it will be much harder to decide on a prudent environmental policy.

Quantitative knowledge of all global climate forcings, natural and human-made, is essential to
national and global policymakers. Environmental and energy policies, for example, will be influenced
by the degree to which greenhouse gases and fine particles in the lower atmosphere, produced by use
of fossil fuels and by biomass burning, are judged to influence global climate. Even after such policy
decisions are made, continued monitoring of the climate forcings to a precision that accurately defines
their changes will be necessary in order to judge the effectiveness of the policies.

In this report we identify the principal global climate forcings and radiative feedbacks. Climate
forcings are changes imposed on the Earth’s energy balance which work to alter global temperature,
for example, a change of incoming solar radiation or a man-made change of atmospheric composition.
Radiative feedbacks are responses to climate change, such as altered cloud properties or sea ice cover,
which may magnify or diminish the initial climate change. We show that many of these quantities
could be observed with the required high precision, global coverage, and time-space sampling by a pair
of small, inexpensive satellites. We also underline the need to observe certain other climate forcings
and radiative feedbacks not included on Climsat, as well as the need for complementary field projects
and measurements from a small number of "ground truth" surface stations. Together with existing
observations, these measurements will strongly constrain interpretation of observed global temperature
change and permit quantitative comparison of climate forcing mechanisms which presently involve
substantial uncertainty.

We assume that Climsat would be carried out within the context of, and as one contribution to,
a comprehensive global observing system. Climsat thus is not meant to be the sole source of mea-
surements of long-term climate change, but rather would be a key addition to existing and planned
observing systems, including the international Global Climate Observing System and the Global Ocean
Observing System. A number of fundamental climate diagnostics, such as precipitation and ocean
parameters, need to be measured by existing and new experimental systems, and by their follow-on
programs. It is also important that the meteorological observing system of NOAA be upgraded to
enhance its effectiveness for climate monitoring. NASA's Earth Observing System can provide detailed
measurements important to the study of many climate processes. DOE's planned Atmospheric
Radiation Monitor ground sites could effectively complement Climsat observations.

Climsat rationale. Present and future global climate change cannot be interpreted without
knowledge of the changes in all significant climate forcings and radiative feedbacks. Some of these
are not measured at all; some are being measured by the current observing system; but most are not
being measured with sufficient precision. Climsat is a modest, small satellite program to monitor most
of the missing forcings and feedbacks with high precision. As the record of changes in forcings and
feedbacks lengthens, it will provide strong constraints on the interpretation of observed decadal climate
changes, just as Keeling’s CO, record has constrained interpretations of the carbon cycle.

Climsat measurements. Climsat will obtain well-calibrated Earth observations covering the solar
and Earth emitted radiation spectra at spectral resolutions appropriate to long-term monitoring of cli-
mate forcings and feedbacks. Because climate forcings and feedbacks operate by altering these spectra,
Climsat measurements will be able to detect "surprises", i.e., forcings and feedbacks we do not now
know about, as well as known mechanisms. Although full exploitation of interferometric and polari-
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metric measurements is a challenging research task, analyses should eventually become routine enough
to be continued as part of the NOAA operational observing system, as was the case for CO, monitoring.

Other climate measurements. Climsat is not intended to provide all missing climate forcings.
Measurements of changes in solar irradiance, which could be done from another small satellite, are also
required. Several parameters monitored by Climsat, in particular properties of fine particles in the
lower atmosphere, the vertical profile of ozone, and cloud microphysical properties, are very difficult
to measure accurately, so that successful monitoring also will require long-term observations from
selected ground sites and field campaigns for comparison of the satellite results with measurements
made on or near the Earth’s surface.

Another important research objective is diagnosis of the key heat and water transport processes
that affect the sensitivity of climate. We particularly note the need to observe precipitation, ocean
energy transports, and atmospheric heat and water vapor transports. Climsat generally will not address
these difficult measurements. Experimental programs, similar to the Tropical Rainfall Measuring
Mission, the World Ocean Circulation Experiment, and Acoustic Thermometry of Ocean Climate, must
be continued and expanded upon to develop these capabilities. Operational observations of proven high
accuracy, such as microwave temperature measurements, should be continued.

Climsat status. Congress allocated $15M in 1991 to initiate Climsat on the basis of an article :
published in Issues in Science and Technology summarizing the proposed project. However, the
Administration declined to undertake the project and the funding was later rescinded by Congress.
Thus Climsat is currently a pre-project study without funding. We will continue discussions with the
scientific community in the coming months and welcome any comments. We intend to request approval
for a Climsat project in 1993. If it is approved, we anticipate a "Dear Colleague" letter or
"Announcement of Opportunity” to solicit participation.

Relationto EOS. The Earth Observing System and Climsat are complementary, not competitive.
EOS is well suited for detailed measurements which will be crucial for studying many global change
processes, including some climate processes. But EOS does not measure all climate forcings and is not
well suited for long-term monitoring. Because of its high cost and the absence of "hot spares" to
replace a failed instrument or spacecraft, EOS is not likely to provide continuous multidecadal
monitoring. EOS does not provide the required space-time sampling and coverage as Climsat, which
has two identical satellites. The Climsat approach also allows instrument cross-calibration when one
must be replaced, which is critical to long-term data precision. EOS does not adequately sample diurnal
variations, which are particularly important in defining cloud forcings and feedbacks. EOS does not
plan to address the greatest uncertainty in human-made climate forcings, lower atmospheric fine
particles, with the required precision until the second AM spacecraft in 2003. Although there is a
proposal to include two Climsat instruments on later EOS spacecraf't, that plan is not budgeted, and thus
of questionable realism; even if carried out, it would not satisfy the need for long-term homogeneous
data with global coverage and diurnal sampling, and even this inadequate data would not be obtained
until another decade or more.

Data availability. The Climsat data system will be configured to make calibrated measurements
and data products widely available as they are produced, without a period of proprietary use by project
participants.

Educational outreach. Climsat data and data products are well suited to contribute to teaching
Earth sciences in schools because they will provide a low volume, comprehensive, on-going description
of important climate parameters. Global maps of monthly-averaged distributions of surface and
atmospheric properties will reveal seasonal and interannual changes which can be used to illustrate
global change topics to students. Beginning researchers can analyze differences of intensity or
polarization among wavelengths for particular regions or problems. These data volumes can be readily
distributed over computer networks available in the mid-1990s. We intend to propose a liason with
educational organizations for this purpose as part of the Climsat program.
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WORKSHOP AGENDA

SCIENCE OVERVIEW [moderator: Peter Stone]

Momtonng Issues From a Modeling Perspective .. ..... ... oohv i ... Mahiman
Forcings and Feedbacks of Long-Term Global Climate Change . ................. ... Hansen
Climate Variability and the OCEaN . . ... ... vt ....Sarachik
C'rmque on M'ohitoring of Climate Diagnostics . ... ..o oo vt e Trenberth
........................................... Karl

DelGenio
Gruber

Rind

Elliott

Rabin

Tropos Prospero
Tropospheric Aerosols - CN/CCN Climatologies, WMO GAW Program . ................ Gras
‘ Clouds Rossow
Schlffer

,PANEL DISCUSSION Momtonng the Global Thermal Energy Cycle [moderator: Inez Fung]

' Manabe, Wigley
‘McElroy
Charlson

Agenda of the workshop, Long-Term Monitoring of Global Climate Forcings and Feedbacks, held
at the NASA Goddard Institute for Space Studies on February 3-4, 1992,
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WORKSHOP SUMMARY

The workshop, Long-Term Monitoring of Global Climate Forcings and Feedbacks, was
organized in two parts. Part I concerned the status of the science and current observations and Part
IT addressed a proposed series of small satellites (Climsat mission). The objective was to discuss the
data needed to analyze the causes of long-term global climate change, in the context of existing and
planned monitoring networks, and then to consider the potential of a small satellite system for
supplying the missing climate data. Below we summarize both parts of the workshop and the
consensus workshop conclusions.

Overview of Science and Observations

In the opening paper, J. Mahlman stressed the importance of precisely calibrated long-term
monitoring for emerging global change issues, and he noted the inadequacy of current measurement
systems for monitoring purposes. The thesis of his paper was that a successful monitoring program
can be put together only if there is a true partnership between the observational programs and the
theory/modeling community. His bottom line was that we in the scientific community must step up
to this difficult challenge, or we will all eventually be held accountable.

A proposed framework for analysis of global temperature change, focused on measuring all
the major global climate forcings and radiative feedbacks over decades, was discussed by J. Hansen.
Some of the forcings and feedbacks are presently measured, but others are not, or they are measured
with inadequate calibration, or without plans for follow-ons to current instruments. The
measurements must be continued for decades, because of the difficulty of separating unforced climate
variability from naturally or anthropogenically forced climate changes. Even with accurate
monitoring of all the forcings and feedbacks, ambiguity may persist in interpretation of temperature
change, because of possible but unmeasured changes of atmospheric and oceanic energy transports.
However, a long-term record of the forcings and feedbacks will provide a very strong constraint on
interpretation of future global temperature change.

Existing long-term observations of key climate parameters were reviewed in a series of papers.
Operational meteorological satellites are measuring a number of important climate parameters, but
the instruments and calibrations were not designed with the objective of maintaining the precision
needed to monitor decadal change. Nevertheless, there is value in extracting as much information as
possible from available data, as described in the multi-agency "Pathfinder" data plans. Radiosondes
have not reached their potential for long-term monitoring, because of lack of instrument calibrations
and procedural standardizations among different countries. Surface stations have provided valuable
data, but not generally with the continuity required for long-term monitoring. Several well calibrated
satellite instruments exist, for example, solar measurements from UARS and ozone, stratospheric
aerosol and water vapor measurements by SAGE Il on the ERBS satellite, but there are no programs
in place for a series of instruments to replace and continue these measurements.

Proposed climate monitoring was also reviewed in a series of papers. An update of NASA’s
planned Earth Observing System (EOS), which is the centerpiece of NASA’s planned Mission to Planet
Earth, was provided. Implications of recent budget reductions, including the elimination of EOS "hot
spares”, were described. Although such factors may impact the data continuity important to
monitoring, it is clear that the detailed EOS data will be valuable for studies of climate processes.
NOAA's plans for climate monitoring, including expected changes in future visible, infrared and
microwave measurements, were described. The importance of solar irradiance monitoring was
discussed, but there are no firm plans for long-term solar monitoring. The Department of Energy’s
plans for measurements related to clouds, radiation and climate change were described; these do not
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include long-term monitoring. Plans for tropospheric aerosol and surface radiative flux measurements
at a network of surface stations were presented, which would be an essential complement to global
satellite monitoring.

Climsat Proposal

The second day of the workshop was focused on consideration of the proposed Climsat
mission, a series of small satellites designed for long-term monitoring of most of the climate forcings
and feedbacks not otherwise being obtained with the required accuracy. Climsat is being studied by
Goddard Space Flight Center in a pre-phase A stage, but it is not yet an approved project. If the
project is approved for further development, it is expected that a Dear Colleague letter or
Announcement of Opportunity will be issued to solicit participation in the further definition and
implementation of the mission.

Objective. Monitoring of global radiative forcings ° e
and feedbacks will provide crucial constraints on our
understanding of long~term changes of global temperature, -1
AT(t), (Fig. S.1). The measurements must be continued for
decades, because of the variability of AT(t) and indications
that much of the variability is unforced. But note that
important conclusions can be obtained on shorter time
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provide an understanding of either the global carbon cycle or the 14 o.-
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them. The CO, monitoring is not competitive with detailed 330-
observations required to understand carbon and thermal energy X
processes; on the contrary, it inspires and helps guide such 300k
studies. Note that the CO, monitoring, after being proven as a Rt G0 O
research product, has become an operational activity of NOAA. 3t
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Climsat monitoring, as CO, monitoring, should be continued for
;ig;?g:cs:,h e;u; r1;v2<;1.11d become an operational activity once the Fig. §.2. CO, observations.

Forcings and Feedbacks. Table S.1 provides a framework for discussion of global climate
forcings and feedbacks. The table also includes key climate diagnostics, but the proposed mission is
concerned primarily with measurement of changes of forcing and feedback parameters over decades.
Forcings are changes imposed on the planet’s radiation balance, while feedbacks are radiative changes
induced by climate change. As indicated by the first column of the table, some of the forcings and
feedbacks are expected to be monitored adequately, but many are not. Accuracy requirements for
these climate parameters have been estimated based on the need to detect changes believed likely to
accompany a global warming of 0.3°C per decade, the rate of climate change estimated by the
Intergovernmental Panel on Climate Change (IPCC).
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TABLE S.1. Principal Global Climate Forcings, Radiative Feedbacks, and Diagnostics

1996 Calibrated Source Proposed Climsat Needed
Meeting Requirements Contributions Complementary Data
Climate Forcings
Greenhouse gases
CO,, CFCs, CH,, N,O G - —
0, fprofile) - SAGE NDSC
stratospheric H,0O - SAGE -
Aerosols
tropospheric - EQSP (SAGE) Surface reference network
stratospheric - SAGE (EOSP) Surface reference network
Solar Irradiance - - ACRIM, SOLSTICE
Surface Reflectivity — EOSP —
Radiative Feedbacks
Clouds
cover 0 MINT/EOSP —
height {temperature) - MINT/EOSP/SAGE —
optical depth - MINT/EOSP -
particle size - MINT/EOSP —_
water phase - MINT/EOSP -
Lower tropospheric H,O (profile) oW MINT Reference radiosonde
Upper tropospheric H,O (profile) - SAGE/MINT Reference radiosonde
Sea Ice Cover 0 - —
Snow Cover O - -
Climate Diagnostics
Temperature
upper air w, 0 MINT Reference radiosonde
surface alr w — —_
sea surface S50 MINT -
Ocean
internal temperature - — Continuation of WOCE,
acoustic tomography
surface salinity - - Continuation of WOCE
transient tracers - — Continuation of WOCE
Radiation Budget
top of atmosphere - — SCARAB, CERES
surface — - WCRP Baseline Network

Data source key: O = operational satellite system, X = experimental satellites (e.g., TRMM), W = operational weather station network, G =
other ground stations and aircraft, S = ships and buoys. SAGE = Stratospheric Aerosol and Gas Experiment. EOSP = Earth Observing
Scanning Polarimeter. MINT = Michelson Interferometer.

Particularly noteworthy by their absence are adequate monitoring of the ozone profile,
stratospheric water vapor, tropospheric aerosols, solar irradiance, surface reflectivity, critical cloud
properties, and upper tropospheric water vapor. Without monitoring of these parameters it will be
impossible to reliably attribute observed climate changes to causal mechanisms, or to provide
decision-makers with a quantitative basis for judging such issues as the relative climate forcings of
tropospheric aerosols versus greenhouse gases and ozone versus CFCs.

Climsat Rationale. Most of the missing climate parameters can be measured by three small
instruments (Table S.1). These instruments measure with high precision the spectra of reflected solar
radiation and emitted thermal radiation (Fig. S.3), and thus should encompass climate "surprises” as
well as the known forcings and feedbacks, because any mechanism for climate change must influence
these spectra. The key characteristic of the Climsat instruments is that they are each self -calibrating
to a remarkable precision. This high precision is key to monitoring small decadal changes. All three
instruments are based on proven technology, have predecessors with lifetimes exceeding 10 years, and
are inexpensive. The instruments are small enough that Climsat can be launched by a Pegasus-class
vehicle. Thus the cost of obtaining long-term (multi-decadal) datasets is not prohibitive.
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Climsat Instruments. SAGE, the Stratospheric Aerosol and Gas Experiment, observes the sun
and moon through the Earth’s atmosphere, obtaining precise vertical profiles of stratospheric aerosols,
water vapor and ozone. The improved spectral resolution, higher sensitivity, and long wavelength
detector of SAGE III, compared to predecessor instruments, will improve the accuracy of the data and
extend the measurements deeper into the troposphere.

MINT, the Michelson Interferometer, makes a classical measurement with a modern instru-
ment, precisely monitoring the infrared emission from the earth at high spectral resolution 2 cm™)
over a broad spectral range (250-1700 cm™, 6-40 pm). Such spectra are particularly suited for
monitoring cloud properties (cloud cover, effective temperature, optical thickness, ice/water phase,
and effective particle size) both day and night, and also tropospheric water vapor, ozone and
temperature.

EOSP, the Earth Observing Scanning Polarimeter, measures the radiance and polarization of
sunlight reflected by the earth in 12 spectral bands to very high precision. EOSP can accurately moni-
tor the global distribution and nature of tropospheric aerosols, surface reflectance, and cloud
properties.

Orbit and Sampling Requirements. Studies have been carried
out using observed global datasets and global climate models to _ Sun~Synchronous. Neor-Poldr
determine the minimum measurements needed to define changes of 80°-60" Incllned
the climate forcings and feedbacks with the required accuracies on Pracesing
seasonal and longer time scales. The fewest number of satellites
required is two, as indicated in Fig. S.4. A sun-synchronous near-
polar orbiter provides a fixed diurnal reference. A precessing orbiter
inclined 50-60 degrees to the equator provides a statistical sample of
diurnal variations at latitudes with significant diurnaf change. The
two orbits together provide good global observing conditions for all
three instruments and reduce sampling errors below the level
required for detecting expected decadal time-scale change. Two
satellites are also required to allow satellite-to-satellite transfer of
calibration when one satellite fails and must be replaced. Fig. S.4. Climsat orbits.

Needed Complementary Observations The small satellite Climsat mission would provide many
of the missing climate forcings and feedbacks, but certain complementary monitoring is required to
complete the full set of data requirements. One particular need is long-term satellite monitoring of
both the total and spectral solar irradiance; this data is presently being obtained by the UARS mission,
but there is urgent need of real plans for continued monitoring, which could be effectively carried
out by a small satellite. Also Climsat monitoring of parameters such as tropospheric aerosols and the
ozone profile must be supplemented by ground-based monitoring networks to assure acquisition of
complete climate forcing and feedback information; plans for such ground stations are under
discussion, but require implementation.
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Workshop Conclusions

Following are conclusions of the workshop. These conclusions were not set down and agreed
to at the workshop, but were developed from comments of participants on initial conclusions drafted
by the report editors. These conclusions represent a consensus sense of the workshop discussions.

1. Measurements of climate forcings and feedbacks are important for the purpose of understanding
long-term climate change.

It will be difficult, if not impossible, to interpret the causes of observed climate change in the
absence of measurements of all the major climate forcings and feedbacks. Such data will not by itself
permit complete diagnosis of climate change, but it will provide an important constraint on
interpretation. Quantitative comparisons of different climate forcings also will have value for
policymakers.

2. Long-term continuous monitoring (several decades) of the climate forcings and feedbacks is an
essential part of research on global change.

There is strong evidence of substantial unforced climate variability, which implies the need
for observations over decades at least in order to determine whether long-term, systematic changes
are occurring. Data continuity is required because the climate system integrates the forcings over
time. Temporal overlap of successive instruments also is needed for measurements dependent on
transfer of calibration to maintain data record precision, for example: solar irradiance monitoring.

3. Existing and planned observations will not provide measurements of all the major climate forcings
and feedbacks over the appropriate time scales.

Many of the climate forcings and feedbacks are either not being monitored or are being
measured with inadequate accuracy for detecting small decadal changes. In some cases, data are now
being obtained with sufficient accuracy, but there are no firm plans for continuation of the
measurements.

4. Climsat would be able to monitor most of the climate forcings and feedbacks not monitored by
current and planned observation systems.

A suite of three instruments on a pair of small satellites, one in a sun-synchronous polar orbit
and the other in an inclined precessing orbit, would be able to monitor most of the missing climate
forcings and feedbacks. The two satellites together provide both global coverage and a statistical
sample of diurnal variations at latitudes with significant diurnal change. The two satellites also allow
satellite-to-satellite transfer of calibration of the instruments if one satellite fails and must be
replaced.

5. Climsat needs to be supplemented by certain other programs to complete monitoring of the full set
of forcings and feedbacks, specifically: solar monitoring from space, tropospheric aerosol and ozone
profile monitoring from selected stations, and improved calibration of radiosonde measurements of
tropospheric water vapor profiles. In situ field experiments are required to evaluate retrieval methods.
The existing meteorological and planned ocean observing systems must also be maintained.

The total solar irradiance and the ultraviolet spectrum are being measured from the UARS
spacecraft, but there are no firm plans for continued monitoring. Aerosols, ozone and water vapor
can all be measured by Climsat, but more detailed measurements, especially in the upper troposphere,
are needed to provide "ground-truth" and more specific information.
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6. Climsat is complementary to the planned global change research program, including the EOS
mission.

Long-term monitoring of climate change is one key partof a comprehensive research program
(cf., USGCRP Plan) which complements focused field projects and other satellite missions to
understand climate system processes. EOS, with its larger number of instruments and higher spatial
resolutions, is well suited for making the intensive measurements needed for climate process studies.
Climsat is designed for long-term monitoring of climate forcings and feedbacks, including adequate
diurnal sampling and transfer of calibration from satellite to satellite, at low cost so that repeat
launches and continuous observations for decades are feasible.

7. In the implementation of Climsat, it is important lo strongly involve and support the relevant
scientific communities.

Representatives of the relevant scientific communities need to be involved in the detailed
design of the monitoring system at the earliest stages, and a broader group should be funded to make
use of the data products. Thus if a Climsat project is approved for development, there should be an
Announcement of Opportunity to solicit involvement. Enhanced support of the relevant disciplines
will be necessary to develop sufficient scientific knowledge and new talent for successful analysis of
global climate change. The Climsat program should interact with students on levels from schools
through universities by supplying data, analysis p